Background-The relations of insulin sensitivity (IS) to hypertension incidence may vary according to baseline age, body mass index (BMI), and blood pressure (BP). Methods and Results-We investigated the relations of IS (insulin sensitivity index, ISI 0,120 ) to 4-year incidence of hypertension and BP progression in 1933 nonhypertensive Framingham Study participants (median age, 51 years; 56% women). Analyses were stratified by age (less than versus greater than or equal to median), BMI ( Ͻ25 [normal], 25 to Ͻ30 [overweight], Ն30 kg/m 2 [obese]), and BP category (systolic BPՆ130 or diastolic BPՆ85, "high normal" per the sixth report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High BP [JNC-VI] versus BPϽ130/85 mm Hg). On follow-up, 41% of participants had BP progression (Ն1 BP stage increase) and 18% had development of hypertension (systolic BPՆ140 or diastolic BPՆ90 mm Hg or antihypertensive medication use). In younger (Ͻ51 years) people with normal BMI and baseline BPϽ130/85 mm Hg, the second-to-fourth ISI 0,120 quartiles were associated with lower multivariable-adjusted odds for hypertension incidence (0.27; 95% CI, 0.09 to 0.83; PϽ0.05) and BP progression (0.37; 95% CI, 0.18 to 0.77; PϽ0.01) relative to the lowest (most insulin resistant) quartile. IS was not related to BP progression or hypertension incidence in older individuals, in obese participants, or in people with BPՆ130/85 mm Hg. Conclusions-In our large community-based sample, reduced IS predicted BP tracking principally in younger people with normal BMI and BPϽ130/85 mm Hg. Effect modification by age, BMI, and baseline BP may explain variation in the results of prior clinical investigations relating IS to hypertension incidence. (Circulation. 2005;112:1719-1727.)
T here is an ongoing debate on whether insulin resistance is a cause or a consequence of hypertension or whether both conditions arise from a common substrate. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Experimental evidence strongly suggests that insulin resistance can result in higher blood pressure (BP) through effects on the vasculature [21] [22] [23] [24] and the kidneys. 25, 26 However, clinical investigations have yielded less consistent results. Whereas several investigators have reported that insulin resistance is associated with future risk of hypertension, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] others report an attenuation of the association on adjustment for baseline BP or body mass index (BMI). 14 -19 One potential reason for the inconsistencies in the literature may be that some prior investigations were performed in small referral samples, 4 -7,10,11,14,19 predominantly male participants 1, 2, 11, 16, 19 , and with variable adjustment for potential confounders in the analyses. 6 -8,10 -13,19,20 An alternative explanation may be that the impact of insulin resistance on the risk of development of hypertension may vary according to factors such as age, presence of obesity, and the level of baseline BP, being stronger in younger people, 3, 27 lean individuals 15,17,28 -31 , and in those at the lower end of the BP spectrum. Because multiple risk factors for hypertension cluster in older individuals, obese people, and in those at the upper end of the BP spectrum, 32 associations of insulin sensitivity with the development of hypertension may be more confounded and less discernible in these subgroups.
in a large community-based sample of middle-aged adults stratifying our analyses by age, baseline BMI, and BP level.
Methods

Study Sample
The design and selection criteria of the Framingham Heart Study have been previously described. 33 We evaluated 3386 subjects who attended both the fifth (1991 to 1995) and the sixth (1995 to 1998) examination cycles of the Framingham Offspring Study. We excluded participants at examination cycle 5 for the following reasons: prevalent cardiovascular disease (nϭ44); diagnosed diabetes (nϭ127); hypertension (nϭ1143); and nonavailable oral glucose tolerance test (nϭ139). After exclusion, 1933 nonhypertensive participants remained eligible. All participants gave written informed consent, and the Institutional Review Board at Boston Medical Center approved the study protocol.
Baseline Clinical Examination and Laboratory Measurements (Examination Cycle 5)
At the baseline examination, all attendees had a physical examination (including medical history, BP examinations, and anthropometry) and laboratory assessment of vascular risk factors.
Height and weight were measured by using a standardized protocol, and BMI was calculated as weight in kilograms divided by square of height in meters. BMI categories were defined as follows: normal weight (BMIϽ25 kg/m 2 ), overweight (BMIՆ25 to Ͻ30 kg/m 2 ), and obesity (BMIՆ30 kg/m 2 ). 34 Waist circumference was measured to the nearest 0.25 inch while the participant was standing erect with weight equally distributed on both feet, and with the measuring tape placed at the level of the umbilicus.
Blood pressure was assessed as the average of 2 physicianobtained measurements taken on the left arm of subjects after they were seated for at least 5 minutes. The participants were classified according to their BP category defined by Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High BP (JNC-6): 35 optimal (systolic BPϽ120 and diastolic BPϽ80 mm Hg), normal (systolic 120 to 129 or diastolic 80 to 84 mm Hg), and high-normal (systolic 130 to 139, or diastolic 85 to 89 mm Hg). Physical activity was assessed by using the Physical Activity Index, 36 a measure of metabolic work during a typical day derived from responses to questions that ask participants how many hours per day they typically spend asleep, sitting, and involved in light, moderate, and heavy activities.
Assessment of Insulin Sensitivity
At the baseline examination, a standard 75-g oral glucose tolerance test was performed, with measurements of fasting and 2-hour postload plasma glucose and insulin levels. Plasma glucose was measured in fresh specimens with a hexokinase reagent kit (A-gent glucose test; Abbott). Glucose assays were run in duplicate with an intra-assay coefficient of variation of Ͻ3%. Fasting insulin was measured in plasma as total immunoreactive insulin (Coat-A-Count Insulin, Diagnostics Products Corp) and was standardized to serum levels for reporting purposes. The lower limit of sensitivity was 8.0 pmol/L (1.1 U/mL), and the intra-assay and interassay coefficients of variation ranged from 5.0% to 10.0%.
We used the insulin sensitivity index developed by Gutt and coworkers, 37 ISI 0,120 , which estimates the disposition of plasma glucose given body weight and ambient insulin levels, is highly correlated with insulin sensitivity as measured by the gold standard euglycemic hyperinsulinemic clamp-method, and is the best available surrogate measure of insulin resistance for prediction of incident type 2 diabetes. 38 ISI 0,120 was defined as (m/MPG)/log MSI, where mϭ[75 000 mgϩ(fasting glucose Ϫ2-hour glucose)ϫ0.19ϫbody wt (kg)]/120 minutes, MPGϭmean of fasting and 2-hour glucose concentrations (mg/dL), and MSIϭmean of fasting and 2-hour serum insulin concentrations (mU/L); ISI 0,120 is expressed as mg · L 2 /mmol · mU · min, 37 and a low value indicates greater insulin resistance.
BP Outcomes at Follow-Up (Examination Cycle 6)
At the follow-up examination, approximately 4 years from baseline, participants underwent routine assessment of their BP, using the same standardized protocol as at the baseline examination. We defined the occurrence of 2 BP outcomes: (1) development of hypertension (systolic BP Ն140 mm Hg or diastolic BP Ն90 mm Hg, or the use of antihypertensive medication); and (2) BP progression (increase in BP by Ն1 category as defined by the JNC-6). 35 
Statistical Analyses
We investigated the relations of baseline ISI 0,120 to the incidence of hypertension and BP progression over a 4-year follow-up period. Sex-specific quartiles of ISI 0,120 were used as the predictor variables. We incorporated first-order statistical interaction terms into regression models to evaluate variation in the relations of ISI 0,120 to BP outcomes according to sex, baseline age (dichotomized at the median of 51 years), BMI (normal weight, overweight, and obesity), and BP ([optimal or normal] versus high normal) categories. Statistically significant effect modification (PϽ0.05 for interactions) was observed by age, BMI, and BP categories but not by sex. Thus, in the 2 age groups (Ͻ51 versus Ն51 years), we performed sex-pooled analyses, further stratifying our sample by BMI and by BP categories. The optimal and normal BP categories were combined to provide adequate statistical power to evaluate the relation to hypertension incidence, given prior knowledge of hypertension incidence rates in different BP categories in our cohort. 39 Additionally, within each age stratum we divided our sample further into 4 groups, based on the cross-classification of BMI and BP categories: (1) BMI Ͻ25 kg/m 2 and optimal or normal BP, (2) BMI Ͻ25 kg/m 2 and high normal BP, (3) BMI Ն25 kg/m 2 and optimal or normal BP, and (4) BMI Ն25 kg/m 2 and high normal BP. However, the number of subjects in the subgroups with high normal BP in the 2 age strata was low (nϭ83 and 31, respectively, in younger and older age strata for group 2; and nϭ188 and 92, respectively, in younger and older age strata for group 4). Hence, when we evaluated strata defined by both BP and BMI categories, the latter groups were not analyzed due to insufficient statistical power.
We used multiple logistic regression 40 to relate ISI 0,120 to hypertension incidence and BP progression, constructing models in a hierarchical fashion adjusting for age and sex (model A); age, sex, and BMI (model B); age, sex, BMI, and systolic and diastolic BP (model C); age, sex, BMI, systolic and diastolic BP, and weight change during follow-up (model D)
As secondary analyses, we also evaluated the following additional models: age, sex, waist circumference (instead of BMI), and systolic and diastolic BP (model E); age, sex, BMI, level of physical activity, and systolic and diastolic BP (model F).
We chose a strategy of sequentially adding covariates because other investigators have suggested that adjusting for either baseline BP or BMI may represent "overadjustment" because both these factors are cross-sectionally related to insulin sensitivity and may represent intermediate states along the causal pathway from insulin resistance to hypertension. 12, 17 All of the above confounders, except for sex, were used as continuous variables in the analyses.
We prespecified 2 kinds of analyses: (1) models comparing the odds of developing BP outcomes in each of quartiles 2 to 4, with the first quartile (the most insulin-resistant quartile) serving as a referent. These models assessed the possibility of a continuous relation between ISI 0,120 and BP tracking; (2) models comparing quartile 1 with quartiles 2 through 4 (combined) because quartile 1 indicates the group with lowest insulin sensitivity. These models assessed a potential threshold effect, where the ISI 0,120 quartile with the greatest insulin resistance 41 (corresponding to lowest insulin sensitivity) is associated with BP tracking.
For analyses of different subgroups, we used the sex-specific quartiles defined for the entire sample. We performed additional analyses in which we assessed the relation between ISI 0,120 and changes in systolic and diastolic BP (modeled as continuous variables separately) during follow-up. In these analyses, subjects with hypertension treatment at follow-up were excluded (nϭ146). Furthermore, we also investigated if fasting plasma glucose by itself was a predictor of hypertension incidence and BP progression.
Odds ratios and their 95% confidence intervals are presented. A 2-tailed probability value of Ͻ0.05 was considered statistically significant in all analyses. All analyses were performed with SAS version 8 for Windows (SAS Inc).
Results
The baseline characteristics of our study sample including the sex-specific distribution of ISI 0,120 are displayed in Table 1. ISI 0,120 was significantly correlated with BMI (Spearman rank rϭϪ0.26, PϽ0.001), waist circumference (rϭϪ0.24, PϽ0.001), and fasting glucose (rϭϪ0.40, PϽ0.001) at baseline.
On follow-up 4 years from baseline, 351 participants (18.2%) had hypertension (168 men) and 786 subjects (40.7%) had an increase in BP by one or more BP categories (367 men). The incidence of hypertension and BP progression decreased with increasing quartiles of ISI 0,120 , that is, with increasing insulin sensitivity ( Table 2) .
Insulin Sensitivity and BP Outcomes: Relations in the Whole Sample
In the whole sample, the odds of development of hypertension or BP progression decreased with increasing ISI 0,120 quartiles in multivariable models A and B ( Table 2) . However, adjustment for baseline systolic and diastolic BP attenuated the relation between ISI 0,120 and hypertension incidence and BP progression, rendering it statistically nonsignificant (Table 2, model C).
As noted previously, the interaction terms for baseline age, BMI, and baseline BP category with ISI 0,120 were significant (PϽ0.05). Accordingly, we stratified further analyses by age, BMI, and BP categories.
Insulin Sensitivity and BP Outcomes: Relations Within BMI Strata
Among younger individuals with a normal BMI (Ͻ51 years and BMI Ͻ25 kg/m 2 ), those in quartiles 2 through 4 of ISI 0,120 had a statistically significant lower odds for the development of hypertension in models A and B (Table 3 , Q2-Q4 versus Q1; PϽ0.01) and a lower odds of BP progression in all models (PϽ0.05).
In the younger overweight group (Ͻ51 years and BMI Ͼ25 to Ͻ30 kg/m 2 ), participants in quartiles 2 through 4 of ISI 0,120 had a statistically significant lower odds for the development of hypertension in models A and B (Table 3 , Q2-Q4 versus Q1; PϽ0.01) but no relation to BP progression in any of the models.
In the older normal BMI group (Ͼ51 years and BMI Ͻ25 kg/m 2 ), participants in quartiles 2 through 4 of ISI 0,120 had a statistically significant lower odds for the development of hypertension in models A and B (Table 3 , Q2-Q4 versus Q1; PϽ0.01 and PϽ0.05, respectively). No significant relation Values are meanϮSD unless indicated. *Three individuals were missing data on body mass index but were eligible for several analyses. was observed between ISI 0,120 and BP progression in this subgroup.
No significant relations between ISI 0,120 and hypertension incidence or BP progression were observed in older overweight or obese individuals (Ͼ51 years and BMIϾ25 kg/m 2 , Table 3 ).
Insulin Sensitivity and BP Outcomes: Relations Within BP Strata
Among younger participants (Ͻ51 years) with optimal/normal BP, those in quartiles 2 through 4 of ISI 0,120 had a statistically significant lower odds for the development of hypertension in all models ( Table 4 , Q2-Q4 versus Q1; PϽ0.01) and the odds of development of hypertension or BP progression was lower in the top quartile of ISI 0,120 compared with quartile 1 in all models ( Table 4 , PϽ0.05).
No significant relations between the quartiles of ISI 0,120 and hypertension incidence or BP progression were observed in individuals with high normal BP regardless of age or in older participants with optimal/normal BP (Table 4 ).
Insulin Sensitivity and BP Outcomes: Relations Within Combined BMI and BP Strata
In younger participants with BMI Ͻ25 kg/m 2 and an optimal/ normal BP, individuals in quartile 2 to 4 of ISI 0,120 had a significantly lower odds ratios for hypertension incidence in all models (Table 5 , model A, PϽ0.01 and models B and C PϽ0.05) and lower odds of BP progression in all models (PϽ0.01 for all models).
In younger participants with BMI Ͼ25 kg/m 2 and an optimal/normal BP, subjects in quartile 2 to 4 of ISI 0,120 had a significantly lower odds ratios for hypertension incidence in No significant relations between the quartiles of ISI 0,120 and hypertension incidence and BP progression were noted in older participants, regardless of BMI status ( Table 5 ).
Secondary Analyses
The results remained essentially unchanged after adjusting for weight change on follow-up, the baseline level of physical activity, and on adjusting for waist circumference instead of BMI in model C (models D, E, and F; data not shown). Fasting plasma glucose did not independently predict either hypertension incidence or BP progression in any subgroup (data not shown).
Models Evaluating BP Change as a Continuous Variable
In the models treating BP change as a continuous variable (and restricted to participants not on treatment on follow-up), the relations between ISI 0,120 and increases in systolic BP displayed a pattern consistent with the analyses of BP change as a categorical variable. A 1-SD increment in ISI 0,120 was associated with a 1-mm lower systolic BP on follow-up in younger participants (Ͻ51 years; PϽ0.05 in all models, using pooled BMI and BP categories) but not in older participants. We performed exploratory analyses cross-classifying individuals according to BMI and BP categories. In younger participants with a normal BMI and optimal/normal BP at baseline, those in ISI 0,120 quartiles 2 to 4 had approximately 4 mm Hg lower systolic BP increase compared with people in quartile No. of events/numbers at risk in the combined BMI and BP strata groups in the age strata: Age Ͻmedian: hypertension incidence: BMI Ͻ25 kg/m 2 and optimal/normal BP (19/388), BMI Ͼ25 kg/m 2 , and optimal/normal BP (40/418); Blood pressure progression: BMI Ͻ25 kg/m 2 and optimal/normal BP (94/388), BMI Ͼ25 kg/m 2 , and optimal/normal BP (158/418).
Age Ͼmedian: hypertension incidence: BMI Ͻ25 kg/m 2 and optimal/ normal BP (44/300), BMI Ͼ25 kg/m 2 , and optimal/ normal BP (70/430); Blood pressure progression: BMI Ͻ25 kg/m 2 and optimal/ normal BP (136/300), BMI Ͼ25 kg/m 2 , and optimal/ normal BP (219/430).
1 independent of age, sex, BMI, and baseline systolic BP (PϽ0.05 in all models). We did not observe any association of ISI 0,120 with BP change in any of the other subgroups defined on the basis of age, BMI, and BP category. ISI 0,120 was not associated with changes in diastolic BP (assessed as a continuous variable) in any of the groups evaluated.
Statistical Power
Because we found no independent associations of ISI 0,120 with BP outcomes in older individuals, in those with high normal BP and in those with BMI Ն25 kg/m 2 , we assessed our statistical power to detect relations in different strata with an ␣-level of 0.05. In the subgroup of old individuals with BMI Ͻ25 kg/m 2 and optimal/normal BP, we had Ͼ80% power to detect an odds ratio of 0.45 or lower for BP progression (quartile 2 to 4 versus quartile 1). In the subgroups of individuals with BMI Ն25 kg/m 2 and optimal/normal BP, we had Ͼ80% power to detect an odds ratio of Յ0.49 (younger participants) and Յ0.56 (older individuals) for BP progression. In older people with BMI Ն25 kg/m 2 and an optimal/ normal BP, we had Ͼ80% power to detect an odds ratio of Յ0.41 for BP progression. As noted earlier, we did not analyze select individuals with high normal BP further stratified by BMI and age because of an inadequate number of participants.
Discussion
Principal Findings
We observed evidence of varying relations of insulin resistance and BP tracking according to age, BMI, and baseline BP. An independent inverse association of ISI 0,120 with BP outcomes was evident principally in younger people with a normal BMI and a BP Ͻ130/85 mm Hg. Insulin sensitivity was not associated with BP progression or hypertension incidence in the older age group (regardless of baseline BMI or BP), in obese participants (regardless of age or BP), or in people with BP Ն130/85 mm Hg (regardless of age and BMI). We had adequate statistical power to detect an odds ratio of Ϸ0.5 (quartile 2 to 4 versus quartile 1) in all subgroups analyzed (with the exception of the BMI-and BP-stratified groups for people with high normal BP). It is noteworthy that adjustment for BMI or waist circumference did not attenuate the association of insulin sensitivity with BP progression in several of the subgroups. We noted only modest correlations of insulin sensitivity with BMI and waist circumference in our sample that probably contributed to this observation.
Comparison With the Literature
As noted previously, both positive [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and null/less positive 14 -19 associations of insulin resistance have been reported in the literature. Our investigation suggests that effect modification by age, BMI, and BP is an important factor to be considered when relating measures of insulin sensitivity to longitudinal BP tracking. An association of lesser insulin sensitivity with greater BP progression is more likely to be observed in samples that consist of younger, lean people with lower BP levels.
Our finding that insulin sensitivity mainly predicts BP progression in younger participants (Ͻ51 years) is consistent with some previous reports 3, 20, 27 and supports the thesis that that the effects of insulin sensitivity are more important early along the natural history of BP progression.
Our observation of an association of insulin sensitivity with BP tracking in those with a normal BMI but not in overweight/obese people is consistent with some prior crosssectional and prospective reports 15,17,28 -31 but differs from some other studies. 2, 13 There are 3 possible explanations for these findings. First, insulin resistance may only contribute to BP progression in lean individuals. The well-established increased risk of BP progression observed in overweight and obese individuals may be explained by factors other than insulin resistance itself, such as hemodynamic adaptations to a greater body mass, increased circulating levels of leptin and free fatty acids, or increased sympathetic activation caused by obstructive sleep apnea. 42 Second, insulin resistance may contribute less to BP progression in overweight and obese individuals compared with its contribution in normal-weight people. As several other factors associated with BP progression cluster in overweight and obese individuals, 42 factors other than insulin resistance may assume a greater importance for BP progression in these individuals. Third, insulin resistance may contribute equally to BP progression in lean and overweight/obese people. However, the overweight and obese individuals may have been insulin resistant for a longer period of time (compared with people with normal weight). The long-term influences of insulin resistance may result in vascular hypertrophy and remodeling and renal effects; these chronic alterations may mask the contribution of insulin resistance to BP progression in the overweight and obese. Further studies are warranted to understand the mechanisms behind the divergent associations of insulin sensitivity and BP progression in normal-weight versus overweight/obese individuals.
Our finding of a longitudinal association between insulin sensitivity and BP outcomes principally in normal-weight individuals at the lower end of the BP spectrum merits comment. For subjects at the higher end of the baseline BP spectrum, it is possible that factors other than insulin resistance regulate BP progression (such as impaired vascular reactivity, elevated vascular stiffness, renal hemodynamic responses to insulin, and so forth) and that once higher BP develops, the mechanisms affecting BP progression may become insensitive to the systemic effects of insulin resistance. It is also conceivable that a relation between insulin sensitivity and BP tracking is more discernible in individuals at the lower end of the BP distribution because of a lesser degree of confounding by factors associated with both insulin sensitivity and BP in obese individuals and in those with high normal BP.
Mechanisms Underlying Association of Insulin Sensitivity and BP Tracking
There are several mechanisms by which impaired insulin sensitivity may predispose to hypertension. Experimental data suggest that insulin resistance and compensatory hyperinsulinemia can increase BP through effects on the renin-an-giotensin-aldosterone system, 43 the vascular smooth muscle cell membrane, [21] [22] [23] smooth muscle proliferation, 24 increased sympathetic tone, 44 -46 and through effects of insulin on sodium retention. 25, 26 A potential causal link between insulin sensitivity and BP is also suggested by the observation that insulin-sensitizing agents (thiazolidinediones) can lower BP. 47
Strengths and Limitations
The strengths of our study include the large community-based sample of nonhypertensive participants, the standardized measurements of BP and BMI, and the multivariable analyses adjusting for factors known to influence insulin sensitivity and BP progression. The use of ISI 0,120 is an additional strength of our investigation. Most prior reports evaluating relations of insulin resistance to the development of hypertension used fasting plasma insulin as a measure of insulin sensitivity. Fasting insulin may be limited as a marker of insulin sensitivity because it reflects not only insulin sensitivity but also indicates insulin secretion. Measurements of insulin sensitivity that also include post-glucose load plasma levels of insulin and glucose are closely correlated to insulin sensitivity, as measured by the gold standard euglycemic hyperinsulinemic clamp-method. 37, 48 Furthermore, it has been shown that ISI 0,120 predicts diabetes better than any of the other indirect measurements of insulin sensitivity. 38 Our study has several limitations. We did not measure insulin sensitivity by directly using the clamp technique, given the constraints of a large epidemiological study, although ISI 0,120 correlates very well with the clamp, as noted above. Our sample was predominantly middle-aged and white, limiting the generalizability of our results to other age groups and ethnicities. Other reports suggest that there may be age-and ethnicity-related differences in the relations between insulin sensitivity and hypertension incidence 3, 9, 15, 20 ; stronger relations have been observed in younger people and in whites. It is important to note that multiple statistical tests were performed in our investigation. However, all analyses were prespecified, and the relative consistency of results across the different models would argue against a type I error as an explanation for our findings.
Conclusions
In our large, community-based sample of nonhypertensive individuals, impaired insulin sensitivity predicted hypertension incidence and BP tracking principally in younger people with normal BMI and optimal/normal BP. These longitudinal associations were independent of baseline BP and BMI. Additional studies are warranted to confirm our findings.
